The aim of the study was to obtain information on the sensory functions of the thoracolumbar fascia (TLF). The types of nerve fibres present in the TLF were visualized with specific antibodies to neuropeptides and sympathetic fibres. Most data were obtained from the TLF in rats, but some findings from the human fascia are also included. The only receptive nerve ending found was the free nerve ending, i.e. no corpuscular receptors existed in our specimen. An exclusive innervation with free nerve endings speaks for a nociceptive function, but the TLF may also fulfill proprioceptive functions, since many of the free nerve endings have a low mechanical threshold. Most of the fibres could be visualized with antibodies to CGRP [calcitonin gene-related peptide (CGRP)] and SP [substance P (SP)]. The latter ones most likely were nociceptors. The TLF contained a great proportion of postganglionic sympathetic fibres, which may be vasoconstrictors. A comparison between an inflamed and intact fascia showed an increase of the CGRP-and SP-positive fibres in the inflamed TLF. This finding could be one explanation for the low back pain of many patients, since practically all lesions of the fascia are accompanied by a sterile inflammation.
Presently, the official fascial nomenclature defines fascia as a three-dimensional network that includes all connective tissues that invest or interweave between inner organs and muscles. 1 This usage of the term fascia has the advantage of simplifying communication, but the disadvantage is that all possible connective tissues with different histological composition are lumped together. Therefore, when the fascia of the low back is addressed, one has to specify if the subcutaneous tissue or the intervertebral discs are talked about. Actually, there can be great differences in the structure and function of fasciae depending on the body region. 2, 3 The present article deals with the thoracolumbar fascia [(TLF)] in rats and humans. The emphasis will be on the innervation of the TLF. 4 Nowadays, there can be no doubt that fasciae are innervated, but for many years the extent and nature of the innervation was a matter of discussion. For instance, Bednar and colleagues stated that in patients with non-specific low back pain the TLF was "deficiently innervated". 5 The reason for this statement was that they found no sensory receptors in the specimen they had studied. On the other hand, the investigations by Yahia et al. (1992) had shown that the human TLF from healthy controls was innervated with free and corpuscular sensory endings. 6 At present, the innervation of fasciae is an accepted fact, although differences between various fasciae exist with regard to the composition of the fibre spectrum and the density of innervation. The aim of the paper is to describe the sensory functions of the TLF. Mainly two functions are being discussed, namely proprioception and nociception.
Materials and Methods
The interpretations of the present report are largely based on immunohistological data from rats. All animal data were obtained from adult male Sprague Dawley rats. The experiments were carried out in accordance with the German law on the protection of animals and the ethical proposals of the International Association for the Study of Pain. 7 In order to see if an experimental fasciitis influences the fibre density of the TLF, also data from inflamed TLF are included. In this article, the term "TLF" includes the subcutaneous tissue and the thoracolumbar fascia proper covering the multifidus muscle. As a universal marker for all neuronal structures antibodies to the neuron-specific protein PGP 9.5 [(protein gene product 9.5)] were used. Other antibodies were directed towards the neuropeptides CGRP [(calcitonin gene-related peptide)], SP [(substance P)] and the neurotrophin NGF [(nerve growth factor)] which all are present in the axoplasm of free nerve endings. Antibodies binding to TRPV1 [(transient receptor potential cation channel subfamily V member 1)] served to visualize the receptor molecule on nociceptors, and antibodies to TH [(tyrosine hydroxylase)] was used as a marker for postganglionic sympathetic fibres. The antibodies were purchased from the following companies: Bachem, Chemicon, Alomone Labs, Vector. Some of the fascia specimen were obtained from patients who had to undergo an operation of the spine because of an acute accident. Prior to the biopsies, informed consent was obtained from these patients. In the text, besides "nerve fibre" the term "free nerve ending" will be used. It denotes preterminal portions of the axon which exhibit at least 4 varicosities. Varicosities are axonal widenings that contain neuropeptides and the neurotrophin NGF. When the sensory ending is excited by a stimulus, it releases the substances stored in the varicosities (Figure 1 ). The free nerve ending with its varicosities is the site where a stimulus acts. The specimen were taken from the low back, close to the spinous process L4-L5 in the rat and L5 in humans. In addition to the subcutaneous tissue the TLF had 3 layers (Figure 2 ): A. Outer layer which consists of a thin sheet of parallel collagen fibers that are oriented perpendicularly to the spine. B. Middle layer which contains thick bundles of collagen fibres that run obliquely to the spine. C. Inner layer which consists of loose connective tissue. The inner layer was the only one that contained a few elastic fibres. The distribution of nerve fibres and endings was not uniform over the various layers. The middle layer was largely free of free endings with most of the fibres and endings being located in the superficial fascia (subcutaneous tissue and outer layer) as well as in the inner layer. Corpuscular endings were not found, neither in rat nor in human specimen. Since several authors had described these endings in the TLF, we tried several staining techniques but couldn't find any sensory corpuscles. All we could find in several hundred specimen were free nerve endings. One possible explanation for this discrepancy is that the regions of the TLF studied differed (our evaluation was restricted to a region 5 mm lateral to the spinous process in rats). Actually, in more lateral areas, in the transition zone to the flat abdominal muscles, we found some Golgi tendon organs. Generally, free nerve endings are assumed to be connected to the spinal cord by non-myelinated (group IV) or thin myelinated (group III) fibres. 8 The free endings can be excited by chemical and mechanical stimuli ( Figure 1 ). Not all of the endings are nociceptive, approximately 45 % have a low mechanical threshold and can be activated by weak mechanical stimuli such as non-noxious local pressure . 9 The free nerve endings in the rat and human fascia looked exactly the same. All of them had the appearance of a string of pearls as shown in Figure 3 , and many exhibited a chain of varicosities. In the figures of this article (Figures 4-6 all cases the indirect immunohistochemical staining with 3,3-diaminobenzidine tetrahydrochloride [(DAB)] as a chromogen was employed. For quantitative evaluation of the fibre density we used cross sections of the rat fascia. As a measure of fibre density the length of all fibres and endings was added and is given as fibre length per 1000 µ2 in Figure 7 . The first section was determined randomly, and then every 5th section was evaluated (computer-assisted). This procedure reduces double-counting. Comparisons between control rats and animals with inflamed fascia were made using the Utest of Mann and Whitney. A probability level of less than 5% (two-tailed) was regarded significant.
Results

Fibres and endings stained with antibodies to PGP 9.5
This stain was applied to obtain an overview of all neuronal elements that were present in a given histological section of the TLF. In addition to the fascia layers, Figure 2 shows examples PGP 9.5-stained fibres in the rat. Truncated fibres of passage that terminate somewhere outside the section are visible in the inner layer (insert C;D) as well as in the subcutaneous tissue and outer layer. In the insert B, a free nerve ending is shown at higher magnification. The same fibres and endings were also present in the human TLF. The free nerve endings in these specimen looked identical to those found in the rat TLF, and many fibres were located in the adventitia of small arteries ( Figure 3 )
Neuropeptide-containing afferent fibers and endings (units)
CGRP-containing units These units are partly mechanoreceptive and partly nociceptive. 9, 10 In our material from rat and human TLF, the CGRP-ir [(CGRP-immunoreactive)] fibres and endings were the most frequent ones. Figure 4 shows a whole mount preparation that contains branching CGRP-ir fibres with some varicosities in the lower left part of the figure. Apparently, the stem fibre to the right accompanies a blood vessel. In this figure, the focus of the microscope was adjusted so that predominantly structures in the subcutaneous tissue including some fat cells are visible.
SP-containing units All units containing SP are assumed to be nociceptive.
10,11 SP-containing nerve fibres and endings were rare when compared with CGRP-ir ones. The SP-ir units were completely absent from the middle layer of the fascia and were found mainly in the outer layer and the subcutaneous tissue. One possible reason for the absence of SP fibres in the middle layer is that this layer consisted of thick and densely packed collagen fibre bundles which are under mechanical stress when the trunk is bent. In this situation, the fiber bundles move against each other and could deform the SP-ir units. This could lead to an excitation of the ending. shows a SP-containing free nerve ending in the outer layer of the rat TLF.
Sympathetic efferent fibres and endings
The enzyme tyrosine hydroxylase (TH) is involved in the synthesis of the catecholamines dopamine, adrenaline und noradrenaline. 12 In peripheral nerves it occurs predominantly in postganglionic sympathetic fibres, where it can be detected by antibodies to TH. The main action of TH-ir fibres is vasoconstriction, and most of the TH-fibres in our histological material accompanied blood vessels. Fig. 6 shows a TH-ir ending in the wall of a small blood vessel. Because of its location, the ending is assumed to have a vasoconstrictive function. The density of the postganglionic sympathetic fibres was higher than that of SP-ir fibres, but lower than that of CGRP-ir ones
The effects of a fasciitis on the sensory innervation
For quantitative evaluation of the fasciitis effects, only the units stained for PGP 9.5, CGRP, and SP were selected. An experimental fasciitis was induced by injection of Freund complete adjuvant into the fascia. Twelve days later the density of innervation for each fibre type was determined. The fasciitis was supposed to not only mimic the symptoms of a clinical fasciitis but 
Fig 4. Whole mount preparation of the rat TLF stained with antibodies to CGRP. A network of small nerve fibres is visible that accompany blood vessels that are barely visible (in the right lower corner). Some fibres to the left exhibit varicosities.
also of other long-lasting painful alterations of the fascia. The histological sections showed a localized swelling at the injection site and massive infiltrations of leukocytes in all layers of the fascia. At high magnifications eosinophilic granulocytes and lymphoid cells were visible. The histological picture resembled an eosinophilic inflammation. 13 There was no difference in the morphology between free nerve endings in the inflamed and intact fascia. The inflamed fascia exhibited a higher density of CGRP-ir and SP-ir units ( Figure 7B,C) . However, the density of PGP 9.5-containing units -which represented all fibres and endings in the fascia -was not higher ( Figure 7A ). This apparent discrepancy is due to the fact that the TH-ir sympathetic units had a much lower density in the inflamed fascia (not shown). The reason for this decrease in TH-ir fiber density is not known. Schaible and Straub have likewise described a changed sympathetic supply to joints when they were experimentally inflamed.
14 The inflammation-induced changes in innervation density occurred in the subcutaneous tissue and the inner layer; they were almost absent in the middle layer. Moreover, we never found a SP-ir fibre in this layer, and this was valid for the intact and inflamed fascia. The mechanism through which the fibre length increases in inflamed tissue is obscure. The two main possibilities are sprouting or increased branching of the fibers. In a study on afferents from the intact and inflamed gastrocnemius-soleus muscle, also NGF-ir and growth associated protein 43-[(GAP 43-)] ir fibers were increased. 15 This finding points to sprouting as the most important mechanism. So, an increased density of nociceptive fibers in inflamed tissue appears to be a general phenomenon.
Discussion
According to our data, the TLF is not elastic in the sense of "stretchy". The only layer that contained a few elastic fibres was the inner layer. Since this layer consists of loose connective tissue, elastic forces cannot build up in the inner layer. However, after a deformation of the fascia, reversibility is possible because of the lattice grille-like arrangement of the collagen bundles in the middle layer, as described for the human fascia. 16 The oblique collagen fibre bundles in the middle layer can slide against each other when the trunk is bent, and they can slide back again. The single collagen fibre bundle is probably relatively stiff, but their spatial arrangement could provide a certain resilience. For full reversibility, however, the flat abdominal muscles are probably needed.
Proprioception
Generally, the main function ascribed to the TLF is proprioception. The fact that we did not find one of the typical proprioceptors (muscle spindles, Ruffini corpuscles, Golgi organs) is surprising since other authors have described such endings in the intraspinal ligaments and human TLF. 17, 18 We looked closely with various staining techniques for such endings in the rat and human fascia, but without success. One explanation for this difference between the literature and our findings is that the other authors studied parts of the TLF we did not look at. All our data were obtained from a small piece of fascia lateral to the spinous processes. Therefore, it is possible that the TLF contains proprioceptors in more lateral areas of the TLF. Actually, not all parts of a fascia and not all fasciae are equipped with the same innervation. 18 Therefore, the lack of proprioceptors in our tissue samples does not mean that the TLF has no proprioceptive function. Besides the fact that in other parts of the fascia proprioceptors may exist, the low-threshold mechanosensitive free nerve endings with group III and IV afferents found in muscle and diaphragm are probably also present in the TLF and -because of their low mechanical threshold -could function as proprioceptors. 9, 19 Nociception Several lines of evidence point to the TLF as a source of pain.
Nociceptor level
The presence of SP in a free nerve endings has been shown to be associated with a nociceptive nature of the receptors. 11 Our finding that the SP-containing endings were the only ones that exhibited a significant increase in density in inflamed TLF fits in the above observation ( Figure 7) . The data by Lawson and colleagues were obtained from the skin in guinea pigs, 11 not from fascia. There is just one study in which the receptive properties of free nerve endings in the crural fascia were determined together with their neuropeptide content. 20 All units tested in the study of Taguchi and colleagues were classified as nociceptors and contained CGRP in their axons. 20 However, among the CGRP-positive endings many non-nociceptive receptors appear to exist besides nociceptive ones. 21 In the present study, most of the SP-and CGRP-ir nerve endings probably fulfilled a nociceptive function. Moreover, we also found TRPV1-ir endings that are assumed to be the main receptor molecules in the membrane of nociceptors. 22 Spinal cord level Previous studies of our group have shown that the mechanoreceptors and nociceptors of the TLF have an effective connection to the wide-dynamic range (WDR) neurons in the dorsal horn of the spinal cord. The WDR neurons are generally assumed to be the most common nociceptive neurons in the dorsal horn. We did not find neurons with exclusive input from the TLF; all the neurons recorded from had convergent input also from the skin and other soft tissues of the low back. 23 Apparently, the fascia nociceptors are the beginning of a nociceptive pathway from the soft tissues of the low back to the spinal dorsal horn and probably further to higher centres. Since the input from all soft tissues of the low back converges on the same dorsal horn neurons, no separate pathway from fascia to higher centres appears to exist. This may be one reason why pain from the TLF is difficult to distinguish from the pain from other soft tissues of the low back.
Clinical level
The thoracolumbar fascia is involved in many painful disorders of the soft tissues in the low back. Examplesbesides fasciitis -are delayed onset muscle soreness and chronic low back pain to name a few. 24, 25 Injections of pain-producing substances into the TLF of human volunteers have shown that the fascia is the most painful soft tissue of the low back, more painful than skin, subcutaneous tissue and muscle. 26 
Postganglionic sympathetic fibres
The great proportion of sympathetic fibres in our specimen was surprising. A semiquantitative calculation showed that approximately 40% of the entire fascia innervation consisted of postganglionic sympathetic fibres. Probably, the majority of these fibres are vasoconstrictors, 27 because for the other sympathetic efferents (e.g. sudomotor, pilomotor, cardiomotor, secretomotor 28 ) there are no targets in the fascia proper. In the subcutaneous tissue, however, many blood vessels exist that are innervated by sympathetic fibres (Figure 6 ). Since under psychologic stress the sympathetic activity is higher, the dense sympathetic innervation may explain why many patients with low back pain report increased pain levels when they are under stress. In conclusion, the tissue specimen studied were taken from the TLF close to the spinous processes in rat and human. In this part of the TLF, only free nerve endings were found. None of the typical proprioceptors (muscle spindles, Golgi tendon organs, Ruffini corpuscles) existed in the specimen. This does not mean that TLF has no proprioceptive function, because many of the free nerve endings are sensitive to proprioceptive stimuli. The positive staining with antibodies to SP and TRPV1 showed that the TLF has an extensive innervation with nociceptors and therefore could constitute a pain source for low back pain.
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